Abstract
Introduction

23
Energy harvesting is concerned with utilising small amounts of energy available within the local environment to 24 power small electronic devices [1] [2] [3] . Popular potential applications of this technology include self-powered sensor 25 nodes in a distributed wireless network, typically used for structural health monitoring. Being powered in-situ 26 means these sensors won't require routine battery replacement, and can thus be embedded into a structure or 27 benefit from quick, easy, and flexible retrofitting without additional (re)wiring [4, 5] . Given adequate power 28 availability, this technology could recharge mobile devices on the move. Other applications such as powering 29 wireless switches, doorbells and security equipment [6] , keyboards [7] , and asset management trackers [8, 9] are 30 being explored.
31
In some cases, ambient vibration energy in buildings, vehicles or machinery may be sufficient to provide power 32 to such a device via a harvesting mechanism such as piezoelectricity [10, 11] . Many vibration energy harvesters use 33 1 (or contract laterally under compression), in direct contrast to conventional materials [13] [14] [15] [16] [17] [18] [19] [20] [21] . Most innately 2 auxetic materials have infolding internal structures, meaning they would lack the authority to stretch a stiffer 3 material bonded to them (such as most piezoelectric materials). There are however various structures that can give 4 a stronger bulk material auxetic behaviour, resulting in a negative effective Poisson's ratio while possessing more 5 authority. One of the more widely discussed structures, the re-entrant honeycomb array (REHA), is shown in 
13
The use of auxetic elements in energy harvesting is still at an early research stage. Li, Kuang and Zhu 
21
Umino, et al. [24] have modelled and demonstrated a MEMS bimorph energy harvester using a REHA auxetic 22 substrate which generated 1.6 times more power than one with a plain plate. Their auxetic substrate reduces their 23 bimorph's rigidity which allows for a greater flexing and thus a greater power output from the attached piezo-24 elements (PVDF). This substrate also reduces its resonant frequency compared to the plain; by adjusting the 25 substrate structure, the resonant frequency may be tuned independently from the bimorph's overall size, as shown 26 by Adeshara [25] , Chandrasekharan and Thompson [26] .
27
There has been some related work in piezoelectric auxetic actuators, some of which could be run in reverse as 28 energy harvesters. Fey, et al. [27] , have demonstrated an auxetic REHA actuator made of PZT to increase the 29 displacement from an applied voltage; this could potentially be run in reverse as an energy harvester. Being made 30 of only bulk ceramic, this would be liable to cracking under excessive loads if used in this manner.
31
In this study, we developed a piezoelectric strain energy harvester incorporating auxetic structure to increase the 32 electrical power output. This auxetic piezoelectric energy harvester (APEH) uses a substrate with an auxetic region 33 to introduce auxetic behaviour and concentrate stress in the piezoelectric element. The APEH could be used in the 34 future to power wireless sensor nodes for structural health monitoring in buildings and vehicles.
2.
Auxetic Energy Harvester
1
The auxetic piezoelectric energy harvester (APEH) proposed in this study is schematically shown in Figure 2 . It 2 consists of one or two d31-mode piezoelectric elements bonded to either face of a substrate, which is then fixed onto 3 a host structure. The region of the substrate sandwiched between the piezoelectric elements has been formed into 4 an auxetic structure. The advantage of this auxetic region is twofold: firstly, the auxetic region can stretch the 5 piezoelectric element in two directions at once and thus increase the electric power output; secondly, the auxetic 6 region has a lower stiffness than the rest of the substrate, which concentrates the stress into the piezoelectric 7 elements. This concentration effect helps to increase the power density of the energy harvester. 
12
When a uniaxial strain is applied to the substrate at frequencies far below its resonance frequency, the 
27
To introduce auxetic behaviour in the substrate, our APEH substrate incorporates a re-entrant honeycomb 28 structure, similar to that shown in Figure 1 . For the present study, a single re-entrant hexagonal unit was used for a 29 small scale harvester.
31
Finite Element Modelling 32
FE Modelling Method 33
Finite element (FE) modelling was used to investigate the benefits of the auxetic region on the harvested power. Table 1 and Table 2 , respectively. To demonstrate the benefits of the auxetic region for energy harvesting, an equivalent plain energy harvester 7 was also modelled. It uses a plain bulk substrate with the same external dimensions as the auxetic model, but has 8 no auxetic region. The piezoelectric element remains the same, and the epoxy layer fills the whole area under it.
9
A parametric analysis was performed to determine the optimal dimensions of the auxetic region, which gave the 10 maximum power output while keeping the peak stress within the material strength (with a safety factor of 1.3). The Table 1 .
area of substrate directly under the piezo). Parameter values are listed in
27
(a) (b) 
FE Modelling Results 1
The APEH with the optimised dimensions produced electric power of 66. 
6
The plain substrate has its stress distributed evenly in the areas between the two clamping portions (Figure 4(a) ).
7
In contrast, the auxetic substrate concentrates the stress and strain into the more pliable auxetic region, particularly 8 into those corners which flex outward. The peak stress of 216 MPa in the APEH was therefore found at the apex of 9 one of these corners. This stress is sufficiently below the yield strength (280 MPa) of the substrate. The peak stress 10 in the piezoelectric element was found to be around 10 MPa, less than a third of its tensile strength (35 MPa).
11
As a result of the stress concentration in the APEH, its piezoelectric element experiences an average axial stress, 
2
Colour ranges capped and deformations (compared to outlines) shown magnified 100 times for clarity.
4
Since the epoxy's bonding strength could only be estimated prior to the experiment, its potential effect on the 5 performance of the energy harvesters was studied using the value of spring constant per unit area, ka, in the TELs.
6
This is presented in Figure 5 . As ka increases, the epoxy layer transfers the strain on the substrate into the 7 piezoelectric element more efficiently. As a result, an increase in the stress and power output is observed in both 
Experimental Characterisation
Experimental Method
13
Effects of Input Excitations 1
The effects of the strain amplitude and frequency on the performance of the energy harvesters are presented in 1 Figure 9 . The experiment results were obtained from auxetic sample B and plain sample 1. The values of ka for 2 auxetic and plain harvesters in their simulations were maintained at 220 and 173 GN/m 3 , respectively. When the 3 frequency was varied for Figure 9 (a), the strain amplitude was kept constant at 250 µε peak-to-peak. When the 4 peak-to-peak strain amplitude was varied for Figure 9 (b), the applied frequency was kept constant at 10 Hz.
As may be observed from Figure 9 , in both simulation and experiment, the power outputs of the harvesters 
23
The natural development of the APEH described in this paper would be a larger scale design (with a multi-unit
24
REHA as the auxetic region) to harvest more energy.
26
Conclusion
27
This paper demonstrated that use of an auxetic (negative Poisson's ratio) structure increases the power output of 
31
[8] ORBCOMM Inc., GT 1100 Datasheet, (2016) 2. https://www.orbcomm.com/PDF/datasheet/GT-1100-Trailer-Tracking.pdf.
[ For all the simulations performed below, the peak stress in the piezoelectric element was found to be less than a 10 third of its tensile strength (35 MPa), while the peak stress in the substrate can excess its yield strength (280 MPa).
11
Therefore, the peak stress of substrate is presented while the peak stress in the piezoelectric element is omitted.
12 13
A1. Beam Width
14
The effects of the beam width, tb, on the power output and the peak stress of the substrate are shown in Figure   15 A1(a). The average axial and lateral stresses in the piezo are shown in Figure A1 Figure 3(b) . It is related to how far the unit could potentially expand outwards when the 3 structure is placed under tension. In general, the more the auxetic region is able to expand under tension, the more 4 lateral strain (and thereby additional power) in the piezoelectric element). As the corners become more acute, stress 5 is concentrated into these corners, but as the cell angle increases so too does the length of the beams; this can help 6 distribute the stress across a wider area. This two factors explain the initial rise and subsequent fall in the peak 7 stress seen in Figure A2 (a) as the angle is increased.
8
The optimum for power output occurs at 30˚ (6.3 mm). Figure A2(b) shows that most of the power gain 9 associated with the deformation comes from the lateral stress component, with only a small increase found due the 10 increased axial stress (due to the reduced stiffness of the auxetic region with sharper angles). Our selected 11 deformation is 33˚ (7.4 mm) as, despite the small loss in power, the lower peak stress is desirable. If the crossbeam is too long, the stress in the piezo in these areas would be increased to an existent that, while still around a third of the PZT's strength, would become the areas most susceptible to cracking (rather than the centre).
1
Any sharp corners in the auxetic region, especially those flexing outwards, are prone to excessive concentration 2 of stress. In Figure A4 , we show the simulated effect of filleting these corners to different radii, from the minimum 3 attainable by most laser cutters (0.1 mm) up to the maximum curvature that fits behind the crossbeams (1.33 mm).
4
The peak substrate stress is highest when the radius is smaller, as this focuses all the force from the beams' flexing 5 into a smaller area. When the radius is sufficiently large that the extra material in the corners impedes the flexing of 6 the region the peak stress increases slightly. This can is shown in Figure A4 
